The effect of 1-{[benzyl-(2-cyano-ethyl)-amino]-methyl}-5-methyl-1H-pyrazole-3-carboxylic acid methyl ester (P1) and 1-{[benzyl-(2-cyano-ethyl)-amino]-methyl}-5-methyl-1H-pyrazole-3-carboxylic acid ethyl ester (P2) was evaluated as corrosion inhibitors of steel in molar hydrochloric using weight loss measurements and electrochemical polarisation. The results obtained reveal that those compounds reduce the corrosion rate. The inhibiting action increases with the concentration of pyrazole compounds to attain 98.5 % at the 10 -3 M of (P2). The increase in temperature leads to a decrease in the inhibition efficiency of the compounds in the temperature range 308 − 353 K. The adsorption isotherm of inhibitors on the steel has been determined. The thermodynamic data of activation and adsorption are determined.
Introduction
Hydrochloric acid is commonly used in industrial processes like chemical cleaning and pickling to remove mill scales (oxide scales) from the metal surface. During this stage, the addition of inhibitor is necessary to avoid the attack of metal. Inhibitors should be effective even under severe conditions in concentrated acid (20%) and temperatures ranging from 60 to 95 °C. The most efficient corrosion inhibitors used in chlorhydric acid contain heteroatoms such as sulphur, nitrogen and oxygen containing compounds [1] [2] [3] [4] [5] [6] .
Survey of literature reveals that azole, azine and pyridine [7] [8] [9] compounds are effective corrosion inhibitors up to 80 °C. The synthesis of new organic molecules offers various molecular structures containing several heteroatoms and substituants. Their adsorption is generally explained by the formation of an adsorptive film of a physical or chemical character on the metal surface [10] [11] [12] . The encouraging results obtained by pyrazolic compounds [13] [14] [15] [16] [17] have incited us to synthesize other compounds and to test their addition on the corrosion behaviour of steel in acidic media. In the present work, we investigate the corrosion of steel in 1 M HCl by 1-{[benzyl-(2-cyano-ethyl)-amino]-methyl}-5-methyl-1H-pyrazole-3-carboxylic acid methyl ester (P1) and 1-{[benzyl-(2-cyano-ethyl)-amino]-methyl}-5-methyl-1H-pyrazole-3-carboxylic acid ethyl ester (P2); weight loss and polarisation measurements have been used to study the effect of addition of these compounds on the corrosion of steel in HCl solution. The effect of temperature is also studied and some thermodynamic parameters are evaluated.
Experimental details
Steel sample containing 0.09%P; 0.38%Si; 0.01%Al; 0.05%Mn; 0.21%C; 0.05%S and the remainder iron. Prior to all measurements, the steel samples are polished with different emery paper up to 1200 grade, washed thoroughly with bidistilled water degreased and dried with ethanol, acetone. The molar hydrochloric solution is prepared by dilution of Analytical Grad 97% HCl with bidistilled-water. Pyrazole compounds were synthesised by aza-type Michael addition [18] [19] , purified and characterised by N.M.R and mass spectroscopy before use. The molecular structure of the pyrazole studied is shown in Fig. 1 . Gravimetric measurements are carried out in double walled glass cell equipped with a thermostatic cooling condenser. The solution volume is 100 cm 3 . The steel specimens used have a rectangular form (1.5 cm × 1.5 cm × 0.05 cm).
P 1 P 2
Electrochemical trends are carried out in a conventional three electrode cylindrical glass cell. The working electrode, in the form of a disc cut from steel, has a geometric area of 1 cm 2 . A saturated calomel electrode (SCE) and platinum electrode are used as reference and auxiliary electrode, respectively. The temperature is thermostatically controlled at 308 K. The polarisation curves are recorded with a potentiostat type EG and G 273, at a scan rate of 30 mV/min. The steel electrode was maintained at corrosion potential for 30 min and thereafter prepolarised at − 800 mV for 10 min. The potential was swept to anodic potentials. The test solution is de-aerated for 30 min in the cell with pure nitrogen which is maintained throughout the experiments. Table 1 resumes the corrosion rate obtained in 1 M HCl (W 0 corr ) and at various contents of P1 and P2 (W corr ) determined at 308 K after 1 h of immersion rate and inhibition efficiencies E w , determined by the relation:
Results and discussion

Weight loss measurements
where W corr and W°c orr are the corrosion rates of steel with and without P1 and P2, respectively. It is clear that the addition of compounds reduces the corrosion rate in HCl solution. The inhibitory effect increases with the increase of pyrazoles derivatives concentration. E% reaches a maximum of 98% at 10 -3 M for P2. The effectiveness of P2 is due to the presence of ethyl group which has more inductive effect compared to methyl one in P1. The protective properties of these compounds are probably due to the interaction between π-electrons of the pyrazole rings and heteroatom with positively charged steel surface [20] [21] . We may conclude that compounds are good inhibitors of steel corrosion in 1 M HCl solution.
Electrochemical polarisation measurements
In the case of polarisation method the relation determines the inhibition efficiency (E%):
where I°c orr and I corr are the uninhibited and inhibited corrosion current densities, respectively, determined by extrapolation of cathodic Tafel lines to corrosion potential. Polarisation behaviour of steel in 1 M HCl in the presence and absence of inhibitors is shown in Fig. 2 . The values of corrosion current (I corr ), corrosion potential (E corr ), cathodic Tafel slope (b c ) and inhibition efficiency (E%), are collected in Table 2 . The examination of Fig. 2 and Table 2 shows that the addition of P1 and P2 decreases current density. The decrease is more pronounced with the increase of the inhibitor concentration. The Tafel plots indicate that the mechanism of hydrogen reduction is activation control. The presence of pyrazoles does not affect the cathodic Tafel slope, indicating that the mechanism of H + reduction is not modified with the P1 and P2 concentration. Also, the corrosion potential is almost constant in the presence of the inhibitors. But in the anodic domain, the i-E characteristics are almost the same. This result indicates that organic compounds act predominantly as cathodic inhibitors by simple blocking the available surface area. The inhibitor molecules decrease the surface area of corrosion and only cause inactivation of a part of the surface with respect to the corrosion medium. The inhibition efficiency reaches 90.6 and 91.5 % at 10 -3 M of P1 and P2, respectively. This phenomenon is interpreted by the adsorption of the molecules on steel surface leading to the increase of the surface coverage θ defined by E% / 100. E% increases with compound concentration. We may conclude that P1 and P2 are effective inhibitors of steel corrosion in molar HCl. 
Effect of temperature
We have studied the temperature influence on the efficiency of P1 an P2. For this purpose, we made weight-loss measurements in the temperature range 313-353 K, in the presence and absence of the compound at various concentrations during 1 h of immersion. The corresponding data are shown in Table 3 . It is clear that the increase of corrosion rate is more pronounced with the rise of temperature for blank solution.
In the presence of the tested molecules, W corr is highly reduced. Hence we note that the efficiency depends on the temperature and dercreases with the rise of temperature from 308 to 353 K. This can be explained by the decrease of the strength of the adsorption process at elevated temperature and suggested a physical adsorption mode. To calculate activation thermodynamic parameters of the corrosion reaction such as the energy Ea, the entropy ∆S° and the enthalpy ∆H° of activation, Arrhenius Eq. (2) and its alternative formulation called transition state Eq. (3) were used: (4) where T is the absolute temperature, K is a constant and R is the universal gas constant, h is Plank's constant, and N is Avogadro's number. The activation energy E a is calculated from the slope of the plots of ln(W corr ) vs. 1 / T (Fig. 3) . Plots of ln(W corr / T) vs. 1 / T give a straight line with a slope of ∆H° / R and an intercept of (Log(R / Nh) + ∆S° / R), as shown in Fig. 4 . From this relation the values of ∆H° and ∆S° can be calculated (Table 4 ). The decrease of P1 and P2 efficiencies with temperature rise leads to a higher value of E a , when compared to that in an uninhibited acid, and it is interpreted as an indication of an electrostatic character of the inhibitor's adsorption [22] . But, Ea variation is not the unique parameter to affirm of such mode of adsorption. Other ones can be considered, such as free adsorption enthalpy ∆G 0 ads and enthalpy ∆H 0 ads , which will be discussed in next paragraph. The positive values of ∆H° mean that the dissolution reaction is an exothermic process and that the dissolution of steel is difficult [23] . Practically E a and ∆H° are of the same order. Also, the entropy ∆S° increases more positively with the presence of the inhibitor than in the presence of the non-inhibited one. This reflects the formation of an ordered stable layer of the inhibitor on the steel surface [24] . From the previous data, we can conclude that P2 is an effective inhibitor. Table 4 . Activation parameters of the dissolution of steel in 1 M HCl in the absence and presence of P1 and P2. Adsorption isotherm Fig. 5 shows the linear dependence of θ / 1 − θ as a function of concentration C of the inhibitors, where θ is the surface coverage determined by the ratio E% / 100. Inhibitor adsorbs on the steel surface according to the Langmuir kind isotherm model which obeys the relation: The thermodynamic parameters for adsorption given in Table 5 were calculated using the values of K according to the following relations:
∆G°a ds = ∆H°a ds −T∆S°a ds (9) where ∆S (Table 5 ).
The negative values of ∆G°a ds suggest that the adsorption of P2 molecule onto the steel surface is a spontaneous process and the adsorbed layer is stable. Generally values of ∆G°a ds around -20 kJ/mol or lower are consistent with the electrostatic interaction between the charged molecules and the charged metal (physisorption), those around -40 kJ/mol or higher involve charge transfer from organic molecules to the metal at the surface to form a coordinate type of bond (chemisorption) [25] [26] [27] . The calculated ∆G°a ds close -40 kJ/mol indicates that chemisorption is a probable process. But, values of other thermodynamic parameter as ∆H ads can provide supplementary information about the mechanism of corrosion inhibition. While an endothermic adsorption process (∆H ads > 0) is attributed unequivocally to chemisorption, an exothermic adsorption process (∆H ads < 0) may involve either physisorption or chemisorption or a mixture of both processes [28, 29] . In the present work, the negative value obtained may introduce a mixture of both chemisorption and physisorption processes. This may be interpreted by the presence of both heteroatoms (four nitrogen and two oxygen atoms) which lead to coordinate bonds and aromatic rings which get physisorption. Also the negative values of ∆H°a ds show that the adsorption is exothermal with an ordered phenomenon ascribed by the negative values of ∆S°a ds . This order may more probably be explained by the possibility of formation of iron complex on the metal surface [30, 31] .
Conclusions
From the overall experimental results the following conclusions can be deduced:
• • The inhibition efficiency of P2 increases with the concentration to attain a maximum value 98.5% at 10 -3 M.
• P1 and P2 act as cathodic inhibitors with modifying the hydrogen reduction mechanism.
• The inhibition efficiency of P1 and P2 decreases with the rise of temperature.
• The activation and adsorption thermodynamic parameters are determined.
